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Abstract
Lead-tin alloys are widely used as solders in the microelectronics industry but
worries about the toxic effects of lead have resulted in alternatives being sought. Sn-
Ag-Cu alloys offer one such alternative. Coarsening of the microstructure is important
for reliability of solder joints because it causes degradation of the mechanical
properties and lead-tin eutectic has been observed to coarsen extremely rapidly. A
coarsening study of the ternary eutectic in Sn-Ag-Cu alloys has been undertaken in the
present work. The coarsening kinetics were found to follow an r3ext (r is the average
rod radius and t is time) relationship. The ternary eutectic consists of rods ofAg3Sn
and CU6Sns in a (Sn) matrix. The two phases coarsened independently of one another,
the C\l6Sns coarsening being controlled by copper diffusion and the Ag3Sn coarsening
by silver diffusion. The activation energy for the process was 69.36 ± 4.97 kJmor1.
Compared to lead-tin the kinetics are slow, meaning that the ternary eutectic will still
be coarsening long after lead-tin eutectic coarsening would have been complete.
Boards with lead-tin solder joints are power aged, which ensures all coarsening is
complete prior to the boards going into service. This may not be an option for Sn-Ag-
Cu joints because long periods of power ageing would be required to complete
coarsening. Directionally solidified ternary eutectic Sn-Ag-Cu and binary eutectic Sn-
Cu and Sn-Ag samples were also annealed. The CU6Sns rods in the Cu-containing
eutectics were found to coarsen according to r3ext with activation energies of 73.19 ±
2.62 kJmor1 (binary) and 81.82 ± 3.81 kJmor1 (ternary). The Ag3Sn in the Sn-Ag-Cu
and Sn-Ag had a broken lamellar structure and spheroidized rather than coarsened.
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1. Introduction
1.1. Lead-free solder alloys
1.1.1. Changeover to lead-free solders
Lead-tin alloys have a long history of use as solders, dating back to Roman
times when they were used to join lead linings and pipes used in plumbing. Lead-tin
alloys of a variety ofcompositions are used throughout the microelectronics industry.
However, recently concerns have been raised over lead from microelectronics packages
disposed of in landfill leaking into soil and groundwater and causing health problems.
Lead is extremely toxic to humans. In response to this, legislation has been drafted in
both the European Union and Japan to ban the use oflead in microelectronics. This has
sparked a significant amount of research into possible replacement alloys for lead-tin
alloys in all their incarnations.
1.1.2. Tin-silver-copper alloys
A study by the National Electronics Manufacturing Initiative (NEMI) in 2000
recommended tin-silver-copper alloys, particular tin-rich alloys, as replacements for
lead-tin in reflow applications. Eutectic tin-silver-copper has a melting point of around
216°C, which is a little over 30°C higher than that of eutectic lead-tin (Tm = 183°C),
meaning that its use should be able to be implemented into existing surface mount
technology with minimal process changes. Such a minor increase should also mean that
the reflow profile required will not cause damage to components or boards. Tin, silver
and copper are all elements already used in microelectronics hence there should be no
materials incompatibilities with existing board and device finishes. In lead-tin solders it
is the tin that reacts with the board and device metallizations to form the metallurgical
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bond so a solder which consists mainly of tin should exhibit bonding comparable to that
of lead-tin solders. The addition of silver and copper depresses the melting point of tin
(232°C) some 16°C. Tin-silver solders are already used with success in high
temperature applications. Preliminary tests of mechanical properties indicate that tin-
silver-copper solders are superior in this respect to lead-tin.
A patentl and pape~ ~y Miller et al. identified a ternary eutectic in the tin-rich
comer. This was claimed to lie at Sn-4.7 wt%Ag-1.7 wt%Cu with the eutectic
temperature being 216.8 0c. Later work by Loomans and Fine3disputed this claim and
asserted that the eutectic in fact lay at Sn-3.5 wt%Ag-O.9 wt%Cu. Moon et al. 4 found a
value very close to this, Sn-3.66 wt%Ag-O.91 wt%Cu, and it is currently recognized as
the correct composition for the ternary eutectic. The phase diagram calculated by Moon
et al.4 is given in figure 1.
1.1.2.1. Microstructure
As cast tin-silver-copper alloys near the ternary eutectic typically contain
primary (Sn) dendrites as well as primary C\l6Sns and primary Ag3Sn crystals, areas of
binary tin-silver eutectic and areas of ternary eutectic. A typical structure is shown in
figure 2. The (Sn) dendrites are non-faceted and are seen as light-colored in the
micrograph. Primary C\l6Sns forms as hollow hexagonal rods which typically appear as
hexagonal particles in two dimensions, as shown in figure 2, but deep-etching to
remove the tin matrix reveals their true three-dimensional form, see figure 3. Primary
Ag3Sn forms as long narrow plates which appear as needles in two dimensions. Their
three-dimensional structure is also revealed through deep-etching to remove the tin
matrix, see figure 4. The nature of the microstructure for the ternary eutectic was
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determined by Lewis et al. s (2002). In two dimensions the structure is seen as small
particles of circular cross-section in a single phase matrix, see figure 2. In three-
dimensions the eutectic can be seen to consist of rods in a matrix that has been removed
by the deep-etching process, see figure 5. The matrix is (Sn) and the rods should be
both Ag3Sn and CU6Sns. X-ray maps of the eutectic show that some ofthe rods contain
copper and no silver and vice versas. Hence the ternary eutectic was seen to be
comprised of intermetallic rods oftwo different phases in a (Sn) matrix.
When solder paste of composition either Sn-3wt% Ag-0.5wt% Cu (commonly
referred to as SAC 305 in industry) or Sn-4wt% Ag-0.5wt% Cu (SAC 405) is reflowed
on a copper substrate a microstructure similar to the one shown in figure 6 is formed.
CU6Sns is formed at the solder/copper interface and is labeled as "interfacial CU6Sns".
Some Ag3Sn plates form by nucleating off the interfacical CU6Sns layer and these are
labeled as "interfacial Ag3Sn". Primary CU6Sns and Ag3Sn are found in the bulk of the
solder joint and are labeled "primary CU6Sns" and "primary Ag3Sn" respectively. A
primary (Sn) dendrite and an area of ternary eutectic are also labeled. The
microstructure can be changed significantly by changing certain parameters such as
surface roughness ofthe copper substrate, time above the liquidus during reflow and
cooling rate. However, all these parameters change are the relative amounts or
predominant location of the phases. For example, a long hold above the liquidus results
in large primary intermetallics which can span the width ofthe joint and which nucleate
from the solder/substrate interface.
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1.1.2.2. Mechanical Properties
The mechanical properties typically have a strong dependence on the
microstructure. In automotive applications solder joints under the hood are subjected to
thermal cycles between -50 and +125°C due to the engine being turned on and off
Significant time will be spent at high temperatures and this can cause changes in the
microstructure, such as coarsening. These changes may have an effect on the
mechanical properties of the joint and hence will affect the reliability ofthe joint over
time. There are two major differences between eutectic tin-lead and tin-silver-copper
that may cause differences in their respective coarsening behaviors. Firstly, eutectic tin-
silver-copper has a higher melting point and should therefore be more stable than lead-
tin at the same temperatures. Secondly, the eutectic in lead-tin is a lamellar eutectic
consisting of (Pb) and (Sn) whereas the eutectic in tin-silver-copper consists of
intermetallic rods (Cl1(jSns and Ag3Sn) in a (Sn) matrix and this difference would also
be expected to result in more rapid coarsening of lead-tin solder. In fact, lead-tin joints
have been observed to coarsen extremely rapidly even at room temperature6.
The hazard function7 represents the failure rate for electronic components at a
given time. The general shape of a plot of the hazard function as a function of time is
shown in figure 7. It can be seen that failures are most likely to occur in the early and
late parts of the life of the electronic components. Microstructural stability contributes
to the reliability of the solder joints so the boards are power aged to ensure that all
coarsening is complete before the boards go into service i.e. the boards that failed in
their early life never go into service. This is possible with lead-tin solder joints due to
their rapid coarsening kinetics. A period of 24 hours with a small current running
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through the joints is sufficient to ensure thatthe joint microstructure will be fairly stable
through the service life of the boards.
1.1.3. Coarsening in lead-tin solders
A study by Jung and Conrad8 into microstructural coarsening in 60Sn40Pb
solder joints showed that the kinetics of the process, under static isothermal annealing,
were described by an expression of the form given in equation 1.
Dn - Dn = K exp( - Q) t
o 0 RT (1)
Where D is the mean linear intercept phase size, Do is the initial mean linear intercept
phase size, n is the phase size exponent, Q is the activation energy for the rate-
controlling mechanism, Ko is the pre-exponential constant and t is time. In this study n
was calculated as 4.1±O.15, Q as 39.8 ±O.8 kJmor1 and Ko as between about lxlO-23 and
4.5xlO-23 m4s-1. The implications of these values are as follows. The value of the phase
size exponent depends on the rate-controlling mechanism for the process. The exponent
most typically encountered in coarsening studies in the literature is 3, which indicates
that the coarsening process is bulk diffusion controlled. A value of n of 4 indicates
grain boundary9 or interfacial diffusion control. A fuller discussion of the meaning of
the different exponents is presented in section 1.2. The value ofQ in the study of lung
and Conrad8 also indicates grain boundary control as it is approximately half the
activation energy for volume diffusion of either lead or tin8, but close to that for grain
boundary diffusion.
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1.1.4. Coarsening in lead-free solders
Only a limited number of quantitative studies on coarsening in lead-free solder
alloys have been reported in the literature. Gibson et al. 10 (1997) performed one such
study on tin-silver eutectic solder joints both with and without intentionally added
CU6Sns particles. Their results indicate the activation energy for the coarsening of the
Sn-Ag eutectic under static annealing to be 48 kJmor l , which they compare to the
activation energy for diffusion of silver along the c-axis of tin, which is 55.1 kJmor l II.
In the composite solder joints the activation energy was found to be 36.8 kJmor l ,
suggesting some effect of the addition of the CU6Sns particles despite the fact that they
were not observed to coarsen. A similar activation energy, 37.5 kJmor l , was obtained
for the same type ofjoints under thermal cycling, indicating the mechanism for
coarsening to be the same in these two cases. No explanation was offered as to why the
presence of CU6Sns particles should decrease the activation energy for the coarsening of
Ag3Sn particles.
~Cormack et al. 12 (1994) studied microstructural coarsening in Sn-Bi alloys
during creep. In this qualitative study they observed that the Sn phase coarsened
extremely rapidly leading to poor creep resistance ofthe solder. The addition of
magnetically dispersed iron particles was found to suppress coarsening and hence
improve creep resistance. Lee et al. B (2002) studied solid state ageing of Sn-Pb, Sn-
Ag, Sn-Ag-Cu and Sn-Cu solders on copper substrates. Although their work was
primarily concerned with the changes in the interfacial intermetallics, they did make
some observations on the coarsening of intermetallics in the bulk of the solder. In the
Sn-Cu solder they noted that a few large CU6Sns particles were present in the bulk after
7
1000 hours at 125°C. In contrast, in the Sn-Ag joints many smaller Ag3Sn particles
were observed after the same treatment. Due to the use of a copper substrate, CU6Sns
particles were also present in the bulk of the Sn-Ag joints and it was noted that these
coarsened much more rapidly than the Ag3Sn particles in the same joint.
1.1.5. Goals of the current work
As no quantitative work on coarsening in the Sn-Ag-Cu system has thus far been
performed, the goals ofthe current research were to obtain measurements ofthe
coarsening kinetics of the Sn-Ag-Cu ternary eutectic and to compare the coarsening
kinetics in the ternary system to those in the respective binary systems. To this end,
cast ternary eutectic samples were used, because their microstructure is closest to that
found in Sn-Ag-Cu solder joints, but directionally solidified ternary and binary eutectic
samples were also used to ensure that the eutectic structures examined are aligned
parallel to the field ofview. In the cast samples the eutectic colonies are randomly
aligned making it not entirely possible to ensure that the rods being examined are lying
perpendicular to the polished plane.
1.2. Coarsening theory
The driving force for coarsening is the reduction of the total area of interface
between the matrix phase and the dispersed phase. The free energy of a particle
changes as the size ofthe particle changes. This change causes a change in the
solubility at the particle/matrix interface which is governed by the Thomson-Freundlich,
Gibbs-Thomson or Kelvin equation given in equation 2.
C -C =2yCoQ
r 0 rRT
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(2)
Where Cr and Co are the solute concentrations in the matrix adjacent to a particle of
radius rand of infinite radius respectively. y is the particle/matrix interfacial energy, Q
is the particle molar volume, R is the ideal gas constant and T is the absolute
temperature. The effect is also illustrated in figure 8 where it can be seen that the
change in free energy with particle size causes a change in the common tangents to the
curves and hence, a change in the equilibrium solubility of the matrix. The effect of this
is that the matrix surrounding smaller particles contains more solute than the matrix
surrounding larger particles, which sets up solute concentration gradients going from
smaller particles towards larger particles, as illustrated in figure 9. The result is that
larger particles grow with time and smaller particles shrink whilst the overall volume
fraction of the particles remains constant. This effect was first observed by Ostwald14
hence the name commonly given to coarsening ofprecipitates or particles, Ostwald
npemng.
1.2.1. Greenwood and LSW
The kinetics of the coarsening process have been studied for a number ofyears
with a variety of investigators deriving equations to describe the process. The first such
study was conducted in 1956 by Greenwoodl5 . He derived an expression for the rate of
change of particle diameter as a function of particle diameter and showed that the
particles whose size was changing most rapidly were those with radii equal to twice the
critical radius. The critical radius is defined as the radius of a particle that is
instantaneously neither growing nor shrinking. Greenwood then derived an expression
for the change in average particle radius as a function of time based on the growth rate
of the fastest growing particles, given in equation 3.
9
(3)
Where rand ro are the average particle radii at times t and 0 respectively and D is the
diffusivity of the rate-controlling species in the matrix. The obvious drawback is that
this must overestimate the change in the average particle radius because it is based on
the growth rate of the fastest growing particles. Nevertheless, the equation is of the
correct form and only differs a little from the more mathematically rigorous treatments.
Because his method is perceived to be overly simplified his work is frequently ignored
in the field of coarsening.
In 1961 two separate, but very similar, studies were published by Lifshitz and
Slyozov16 and Wagner17. Both papers use an approach which assumes a steady-state
particle size distribution will be reached and this size distribution is what both theories
use in order to calculate the change in average particle radius with time, equation 4.
(4)
The theory is commonly referred to as LSW theory and, since its publication,
the majority of the subsequent work has been in the modification ofthe theory to
account for assumptions made in the original derivation and also geometries other than
spheres. A brief summary of the maj or works in the field is given here.
1.2.2. Modifications to the theory
Modification for volumefraction
The major drawback of the Greenwood and LSW theories is that they are both
derived assuming a vanishingly small particle volume fraction. Clearly this is a
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significant omission since changes in volume fraction cause changes in the average
separation between the particles and hence cause changes in the diffusion path lengths.
This problem was addressed by Ardell18 (1972). The major factor considered by Ardell
was the change in the diffusion geometry that the overlap of diffusion fields from
different particles would cause. The concentration gradient at the particle interface in
LSW theory is given by the expression in equation 5.
de
=
dRR=r
e' -e r
r
(5)
Where Cr is the solute concentration at the interface of a particle of radius rand c' is the
solute concentration a long way from the particle (R = (0). The modification proposed
by Ardell simply involves the multiplication of the right hand side of equation 5 by a
factor of (1 + ~p), where ~ depends purely on the volume fraction and p is equal to the
ratio of the particle radius to the critical particle radius (as defined by Greenwood1\
After development ofthis modification, Ardell18 follows the method ofLifshitz and
SlyoZOy16 to obtain equation 6.
(6)
p varies between 1 (<I> = 0) and 8/9 (<I> = 1) and v(<I» is an expression dependent on
volume fraction which varies between 27/4 (<I> = 0) and 0 (<I> = 1). This theory is called
MLSW (modified LSW theory).
Taking the ratios of the rate constants for the MLSW theory and the LSW theory
gives equation 7.
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KMLSW _ 24 p3(~)
K LSW - 7 v(~)
(7)
Plotting this ratio for low volume fractions gives figure 10 from which it can be seen
that even at low volume fractions the MLSW theory predicts an increase in coarsening
rate of up to six times.
Particles on grain boundaries and triple junctions
The diffusion geometry and the number of dimensions in which the particle
changes size have a significant effect on coarsening theory. The theories so far
described involve spherical particles, whose size varies in three-dimensions, in a three-
dimensional diffusion field. A theory to be discussed later, describes rods whose size
varies in two-dimensions in a two-dimensional diffusion field. For both these cases r3
ex: t. One can also consider particles whose size varies in three-dimensions but for
whom the diffusion field is two-dimensional or one-dimensional. These situations exist
for spherical particles on grain boundaries (two-dimensional diffusion field) and
spherical particles on triple-junctions (one-dimensional diffusion field).
ArdeU9 (1972) considered the coarsening ofparticles on grain boundaries and
obtained equation 8.
4 4 8yCoDg.b.wg2 (u(~)4
r -r = t
o 3GRT v(~) (8)
Where w is the width of the grain boundary, u(~) is the ratio of the average particle
radius to the critical particle radius, v(~) is a function ofvolume fraction, G is a
geometrical factor related to the angle between the matrix/particle interface and the
grain boundary and Dg.b. is the grain boundary diffusivity of the rate-controlling species.
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Ardell8 also derived an expression for coarsening due to diffusion along a
dislocation pipe and his result is very similar to that obtained by Senkov and
Myshlyaev19 (1986) for coarsening of particles on triple-boundary junctions. The
equation they obtained is given in equation 9.
5 5 135 syQDt.j.C o
r -r =- t
o 512 3tHRT
(9)
Where s is the cross-sectional area of the triple-boundary junction, Dt.j. is the diffusivity
of the rate-controlling species along the triple boundary (or along dislocations, in the
case ofArdell's 9 theory) and H is a constant which depends on the particle volume
fraction, average matrix grain size, average particle size and the matrix grain shape.
Interface control
It is also possible that diffusion is not the rate-controlling mechanism in a
coarsening process. If the transfer of atoms across the particle/matrix interface is the
rate-limiting step then an expression as in equation 10 is obtained, as shown by
(10)
Where B is a term that describes the interface mobility, which is usually unknown.
Now we can summarize the signifcance of the different exponents for
coarsening processes as shown in table I. Detennining the exponent hence allows
determination ofthe rate-controlling mechanism.
Concentrated alloys
LSW theory assumes one phase, the dispersed phase, to be almost 100 % solute
and the other phase, the matrix phase, to be almost 100 % solvent and dilute solution
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thermodynamics. Calderon et a1. 20 (1994) assessed LSW theory for concentrated alloys
and derived the expression shown in equation 11. It can be seen that there is no effect
on the basic form of the equation but rather just another change in the rate constant.
3 3 8yDQC~(I-C~)
r -r
o
=9~ T-4C~ (I-C~)Tc] (C~-C~)/ (11)
Here a is the matrix phase, ~ is the dispersed phase and Tc is the critical temperature.
However, the simpler theory has been applied to the AI-AhNi system21 without obvious
detriment to the results, that is, the activation energies obtained agree well with the
activation energies for diffusion and so on. The main advantage ofthis theory, and the
ultimate reason for its development, is that it allows more accurate values of interfacial
energies to be calculated from coarsening experiments.
1.2.3. Coarsening of rod-like eutectics
The theories described thus far have been developed assuming the particles in
question are spherical. When rod-shaped particles are considered one must not only
consider mechanisms which may cause the average rod radius to change but also
mechanisms that might cause rods to break down along their lengths.
1.2.3.1. Two-dimensional Ostwald ripening
Two-dimensional Ostwald ripening or isotropic rod coarsening refers to the
process by which the average rod radius of an array of rods changes with time. The
terms "isotropic" and "two-dimensional" refer to the fact that the changes in rod radii
are uniform along the lengths of the rods. Ardell's22 development of the theory for two-
dimensional Ostwald ripening is very similar to his development of the MLSW theory
to account for volume fraction effects, as described previously. The main difference
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between the theory for rods and spheres is the diffusion geometry, with spherical
particles requiring a spherical diffusion geometry and rods requiring a cylindrical
diffusion geometry. The concentration of solute in the matrix adjacent to a rod is still
governed by the Gibbs-Thomson equation. Ardell incorporates the effect ofvolume
fraction in a similar manner to that used in the MLSW theory and then follows the
method ofLifshitz and Slyozov16 again in order to obtain equation 12.
(12)
Where <u> is the ratio of the average rod radius to the critical rod radius (analogous to
pin MLSW, equation 6) which varies between 1.0665 (<I> = 0) and 1 (<I> = 1) and l;,
depends on volume fraction (comparable to v(<1» in equation 6) and varies between
around 16 (<I> ~ 0) and 0 (<I> = 1).
Now the rate constant for rods and spherical particles (MLSW) can be compared
and the ratio between the two is given by equation 13.
Krods _ v (ui
K - r -p3spheres ':>
(13)
The ratio is plotted in figure 11. It can be seen that the rate constant for two-
dimensional Ostwald ripening is abut half that for coarsening of spherical particles.
1.2.3.2. Rayleigh instabilities
Cline23 (1971) considered the development of so-called Rayleigh instabilities
along the rod lengths as a form of coarsening, or more accurately microstructural
evolution, of rod eutectics. Rayleigh instabilities are so named because Lord Rayleigh24
first discussed them in order to explain the breakdown ofjets of water into spheres. He
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noted that variations in the diameter of a jet of water would increase in amplitude driven
by the reduction of the total surface area of the jet such that the jet would eventually
break down into a series of smaller segments. Such a breakdown was described to be
driven by capillarity. Lord Rayleigh calculated the wavelength of perturbation that
would lead to the most rapid disintegration of the jet to be about nine times the
unperturbed diameter of the jet. The same type ofperturbations can exist along the
lengths of rods in a eutectic, see figure 12. As the radius of the rod varies along its
length, so does the solute concentration in the matrix adjacent to the rod, the Gibbs-
Thomson effect. If the perturbation is very short in wavelength, less than the
circumference of the unperturbed rod, then it causes an increase in the interfacial area
and is damped out as a result. For perturbations of longer wavelength, the differences
in concentration caused by differences in curvature result in diffusion of solute such that
the amplitude ofthe perturbation increases. Eventually the walls of the rod meet and
the rod pinches off, resulting in the eventual spheroidization of the rod. This effect has
been observed in the Cu-Cu2S system25, see figure 13.
1.2.3.3. Fault migration
There are two types of faults found in rod eutectics, namely branches and
tenninations, as illustrated in figure 14a. A second type ofmicrostructural evolution in
such eutectics involves the migration of these faults. This was first considered for rod
eutectics by Cline23 (1971). The reasons for the occurrence of fault migration can again
be understood in terms of the Gibbs-Thomson equation. Terminations have a higher
radius of curvature than the adjacent rods. Hence the solubility in the matrix is higher
adjacent to the termination than adjacent to the surrounding rods. The resultant
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concentration gradient causes solute to move away from the termination i.e. the tip
dissolves and recedes whilst the adjacent rods thicken.
Rod branches, in contrast, have lower total curvature than the adjacent rods so
that the concentration gradient is now away from the adjacent rods and towards the
branch. Branches therefore advance, see figure 14b.
It is clear that if a branched rod terminates then the faults will eventually meet
causing mutual annihilation, as illustrated in figure 14c. Also worth considering is that
material must be conserved, therefore the rods left behind after the annihilation must be
thicker than they were previously.
Cline derived an expression to describe the change in the number of rods per
unit area with time, equation 14.
(14)
Where No is the initial number of rods per unit area, no is the initial fault density, BT is
the ratio of termination velocity to rod density, BB is the ratio ofbranch velocity to rod
density and t is time. Plotting this expression gives figure 15, from which it can be seen
that initially there is a very rapid change in N due to fault migration but that at longer
times the mechanism becomes less important. Because the onset of two-dimensional
Ostwald ripening requires a certain transient time, it can implied that fault migration
would dominate at short times but that two-dimensional Ostwald ripening would be the
primary mechanism at longer times.
1.2.3.4. Dominant coarsening mechanism
The matter ofwhether fault migration or two-dimensional Ostwald ripening is
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the dominant mechanism in rod eutectics has been addressed by Courtne/6 (1975). He
performed calculations, using the work of Cline23 , to determine the changes in rod
density due to both mechanisms and found that fault migration can only dominate if the
fault density is extraordinarily high. In practical terms, he concluded that two-
dimensional Ostwald ripening would dominate the coarsening behavior at short times
but at longer times the fault density would increase, due to breakdown along the rod
lengths, and hence fault migration would dominate. The transition would be seen in the
data plots as a sudden increase in the coarsening rate at long times. This conclusion is
the precise reverse ofthat reached by Cline23 and Courtney explains this discrepancy by
pointing out that Cline assumed that the fault density would decrease with time rather
than increase, as Courtney assumed.
Cline23 calculated that breakdown along the rod lengths due to Rayleigh
perturbations would dominate over uniform thickening (or thinning) of the rods i.e. two-
dimensional Ostwald ripening, if the ratio ofthe spacing between the rods to rod radius
is less than four.
1.2.4. Coarsening in multiphase ternary systems
Very little work has been performed on coarsening in ternary systems and that
which has focuses largely on the coarsening of eutectic systems where either the
dispersed phase contains two elements and the matrix a third or vice versa. Kuehmann
and Voorhees27 (1996) developed a theory that incorporated the effect of a third element
in a two-phase system and Walter and Cline28 (1973) performed coarsening studies on
the two-phase ternary eutectics NiAI-Cr and NiAI-Mo. The difference between these
works and the current work is that the alloy under examination consists of three phases
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and not two. Holmes and Hoye9 (2000) performed an analysis intended to predict
whether the coarsening kinetics of a eutectic with two dispersed phases would be the
same as the coarsening kinetics of the two phases coarsening independently or whether
the presence of each would affect the coarsening kinetics of the other. The result is a
cross-phase coupling constant, the expression for which is given in equation 15.
(15)
Here a is the matrix phase and ~ and yare the two dispersed phases. The subscripts 1
and 2 refer to the species that must diffuse in order for coarsening to occur. Hence
~Cla~ refers to the difference in concentration of element 1 between the a and ~ phases.
ry~ represents the effect ofy particles on ~ particles and it is possible to write a similar
expression for the effect of ~ particles on y particles (f~y). D is the diffusivity ofthe
indicated species. A weak effect of one type of particle on the other indicates that the
phases will coarsen independently. Because the solubilities of copper in Ag3Sn and of
silver in C\l6Sns are both low and the overall solubility ofboth silver and copper in tin is
low, it is expected from the theory ofHolmes and Hoye9 that the two phases will
coarsen independently of one another.
1.2.5. Determining the coarsening rate
One drawback to the coarsening theories is that they require the accurate
measurement of the average rod radius. This is particularly problematic in the cast
ternary alloys under investigation since the rods are extremely fine. One solution is to
use a method described by Smartt and Courtne/1 and used by them to track coarsening
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of the rod eutectics in the AI-AhNel andCu-Cr3o systems. The rationale is as follows.
The volume fraction of rods during the coarsening process is assumed to be constant,
therefore the product of the number of rods per unit area, or rod density p, and the
square of the average rod radius, r, must be a constant i.e. pr2 = constant. A general
form of the coarsening equation is given in equation 16.
3 3 KDCor -ro = tRT
(16)
Where K is a constant containing terms such as the rod/matrix interfacial energy,
volume fraction effect constant and so on. Incorporating pr2 = constant into this
equation gives equation 17.
-3/2 -3/2 K'DCoP - Po = t
RT
(17)
Where K' is another constant that now includes the dispersed phase volume fraction.
Assuming dilute solution thermodynamics, the equilibrium solute concentration can be
written as C = Co exp (-Qs/RT) and, combining this with the diffusivity rewritten as D =
Do exp (-QD/RT), then equation 17 can be rewritten as equation 18.
p-3/2 _p-3/2 = K" exp-(Qs +QD)t
o RT RT
(18)
Where K" is another constant that now contains Co and Do. Plotting the left hand side of
equation 18 vs. time for each temperature will yield a series of straight lines whose
slopes are equal to equation 19.
slope = K" exp- (Qs + QD )
RT RT
(19)
Taking the natural logarithm of equation 19 and rearranging gives equation 20.
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(20)
Hence plotting In (slope) + In (T) vs. liT will give a straight line whose slope is equal to
(Qs + QD)IR where QD is the activation energy for diffusion of the rate-controlling
species and Qs is the heat ofsolution for the diffusing species in the matrix. Clearly
this only applies if the rate-controlling species is not the element making up the matrix
phase In this case Qs + QD can be replaced with simply QD.
1.3. Spheroidization or breakdown of plates
The Sn-Ag binary eutectic morphology is classified as "broken lamellar,,31, as
opposed to faceted rods. This means the eutectic consists of plates of Ag3Sn in a tin
matrix. This morphology was observed, as expected, in the binary Sn-Ag eutectic
directionally solidified samples, see figure 16, and also in the ternary eutectic
directionally solidified samples, see figure 17. As a result of the morphology, the
Ag3Sn phase will break down or spheroidize rather than coarsening as rods would.
1.3.1. Proposed mechanisms of breakdown
There are a number of mechanisms proposed in the literature for plate/lamellar
breakdown32-34. The major instability mechanisms are described below.
Edge Spheroidization33
The ends of the plates have a much smaller radius of curvature than the adjacent
flat edges of the plate, where r = 00. As discussed previously, this results in a greater
concentration of solute in the matrix being in equilibrium with the ends ofthe plates as
compared to the flat interface. This induces transport of solute from the edge to the flat
interface, resulting in ridges along the length of the plate, see figure 18. The ridges
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grow and, as they do, they become susceptible to Rayleigh perturbations along their
lengths. The final result is a row of spheres adjacent to the ends of the, now shorter,
plate. This process can then begin again however it is typically confined to plates of
large aspect ratio so the remaining plates might instead be susceptible to some other
mechanism. Edge spheroidization has been observed in the Cu-14. vol% Fe composite
system by Malzahn Kampe et al. 33.
Boundmy splitting33
If the plate-like phase has sub-boundaries running through its thickness then
these can cause breakdown of the plates. At elevated temperatures thermal grooving
occurs along the sub-boundaries. Once the groove has formed, the curvature of the
surfaces at either side of the sub-boundary is higher than that of the adjacent flat
interfaces, see figure 19, such that mass transport occurs away from the boundary and
towards the flat interfaces. The mass transport continues to deepen the groove until the
plate is broken apart. The likelihood of this process dominating depends on the energy
ofthe sub-boundaries. High energy boundaries cause splitting much more rapidly than
low energy boundaries. If a phase does contain low energy boundaries some other
breakdown process may dominate due to the slow rate ofboundary splitting.
Direct cylinderization33
The mechanism for this process is almost identical to that for edge
spheroidization except that it occurs in lower aspect ratio plates such that, as the ridges
develop and the edges of the plate recede, the ridges at either end combine to form a
single cylinder. Once this process is complete, the cylinder is subject to the same types
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ofevolution as previously described for rod eutectics i.e. two-dimensional Ostwald
ripening or Rayleigh instabilities.
Rayleigh perturbations
An infinite plate is essentially stable against thickness perturbations but a plate
of finite width (and infinite length) is not35, 36. Werner36 (1989) showed that Rayleigh
perturbations can also exist along the finite width of a plate such that the thickness of
varies. Perturbations larger than a critical wavelength will increase in amplitude
causing the plate to break up, see figure 20. As is the case with water jets24 and eutectic
rods23 , a critical wavelength of the perturbation can be calculated which will correspond
to the spacing between the ribbons that the plate breaks into. The sequence for the
breakdown is described by Wemer36 as plates ~ ribbons ~ rods ~ spheres where the
penultimate stage is described by a process akin to direct cylinderization and the final
stage by the formation ofRayleigh perturbations along the length ofthe rod.
Other mechanisms that may occur in systems where the microstructure is more
definitely lamellar that in the Sn-Ag system are termination migration37, where a plate
adjacent to a termination thickens as a result of mass transport due to curvature
differences (similar to described for fault migration in rod eutectics) and discontinuous
coarsening, where a migrating grain boundary leaves a coarsened lamellar structure in
its wake38.
1.3.2. Kinetic Analysis
There are a few examples ofkinetic analysis for the breakdown of plates in the
literature, largely concerned with the spheroidization of cementite in pearlite in steels.
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The work of Tian and Kraft39 uses a size-independent shape factor, F, which is related
to the average aspect ratio of the plates as shown in equation 21.
(21)
Where x is the average plate length and A is the average plate thickness. They showed
that, for constant F, the expression given in equation 22 can be used to describe the
kinetics of the process and, hence, plots ofln t vs. liT for given values ofF would have
slopes of QIR.
1 (-Q)
"t=Aexp RT (22)
Although this is the most comprehensive quantitative treatment of plate spheroidization
the final result, that the process is controlled by bulk diffusion of iron, has been
questioned35. Indeed it is unclear whether their analysis implicitly assumes bulk
diffusion control and hence their results are tainted by this assumption.
Other studies4o,41 have found that an equation of the type described by lung and
Comad8 (equation 1) can be used to describe the process using one over the total
interfacial area per unit volume as the characteristic phase size (Sv) such that an
expression of the form given in equation 23 is obtained.
( 1 In ( 1 In Q- - - =K o exp(-=-) tSy SYQ RT (23)
An exponent of 3 indicating bulk diffusion control has been obtained by some
investigators4o and an exponent of 1 has been found by Park and Yang41 for the lamellar
yttrium aluminate/alumina eutectic.
24
Another study of pearlite spheroidization42 found that the average interface
velocity (related to the mean curvature) was proportional to r1/3, possibly indicating
bulk diffusion control but the activation energy obtained was not consistent with this
mechanism. There is clearly still some confusion about how best to quantify the
spheroidization process.
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Table 1. Values of the phase size exponent, n, for coarsening processes with different
rate-controlling mechanisms.
n Rate-controlling mechanism Ref
2 Transfer of solute atoms across the interface between the particle and 17
matrix
3 Volume diffusion 15-17
4 Diffusion along grain boundaries or interfaces 9
5 Diffusion along triple junctions or dislocations 9, 19
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Figure 1. Liquidus projection of the calculated phase diagram for the Sn-Ag-Cu
system4.
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Figure 2. Light optical micrograph of a near-eutectic Sn-Ag-Cu alloy showing
primary (Sn) and CU6Sns along with regions of ternary eutectics.
28
INTENTiONAL SECOND EXPOSURE
I~
..-;',:-
100 !-tID
Figure 2. Light optical micrograph of a near-eutectic Sn-Ag-Cu alloy showing
primary (Sn) and CU6SnS along with regions of ternary eutectic5
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Figure 3. Scanning electron micrograph of a cast near-eutectic Sn-Ag-Cu alloy that
has been deep-etched to remove the tin matrix showing the three-dimensional
morphology ofthe C\l6Sns phases.
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Figure 3. Scanning electron micrograph of a cast near-eutectic Sn-Ag-Cu alloy that
has been deep-etched to remove the tin matrix showing the three-dimensional
morphology of the CUr,Sns phase5
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Figure 4. Scanning electron micrograph of a cast near-eutectic Sn-Ag-Cu alloy that
has been deep-etched to remove the tin matrix showing the three-dimensional
morphology of the Ag3Sn phases.
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Figure 4. Scanning electron micrograph of a cast near-eutectic Sn-Ag-Cu alloy that
has been deep-etched to remove the tin matrix showing the three-dimensional
morphology of the Ag3Sn phase5.
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Figure 5. Scanning electron micrograph of a cast near-eutectic Sn-Ag-Cu alloy that
has been deep-etched to remove the tin matrix showing the three-dimensional
morphology of the ternary eutectic5.
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Figure 5. Scanning electron micrograph of a cast near-eutectic Sn-Ag-Cu alloy that
has been deep-etched to remove the tin matrix showing the three-dimensional
morphology of the ternary eutectic5
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Figure 6. Light optical micrograph of a SAC 405 solder joint on a copper substrate
showing primary (Sn) dendrites, Cl1(jSns and Ag3Sn in addition to ternary eutectic and
interfacial CU6Sns.
32
h(t)
Early life Intrinsic
Time to failure
Wear-out--
Figure 7. Hazard function as a function of time showing the characteristic "bathtub
curve" 7.
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Figure 8. Schematic diagram showing that the equilibrium concentration of solute in
the matrix adjacent to a particle increases with decreasing particle size43 .
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Figure 10. Plot ofthe ratio of the rate constant for MLSW theory (KMLsw) to that for
LSW theory (KLSW) as a function ofvolume fraction (<<1».
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Figure 12. An array of eutectic rods containing a rod with a sinusoidal perturbation in
its radius along its length. Ro is the unperturbed rod radius, R1 and R2 are the princi~le
radii of curvature, 2Jt/k is the perturbation wavelength and Ais the inter-rod spacing 3.
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Figure 13. Scanning electron micrograph showing necking down ofCuzS rods in the
Cu-CuzS eutectic. Magnification 13,838 timesz5.
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Figure 14. Schematic illustrating a) a termination and branch in a eutectic rod, b)
migration ofthe faults and c) mutual annihilation ofthe faults23 .
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Figure 16. Light optical micrograph of the original microstructure ofa directionally
solidified binary eutectic tin-silver alloy. '
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Figure 17. Light optical micrograph ofthe original microstructure ofa directionally
solidified ternary eutectic tin-silver-copper alloy.
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Figure 18. Schematic diagram of the edge spheroidization process32.
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Figure 19. Schematic diagram of the boundary splitting process32.
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Figure 20. Schematic illustration ofthe solute concentration gradient along the
plate/matrix interface due to curvature differences (Rayleigh instability in the
thickness of the plate)45.
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2. Experimental
2.1. Sample Description
Three types of sample were used during this study namely cast, directionally
solidified and solder joints. They were manufactured as described below.
Cast
Cast samples were manufactured at Cookson Electonics, Jersey City, NJ, by
weighing out appropriate amounts of the raw materials for the composition Sn-3.5 wt%
Ag-O.9 wtOlO Cu and melting them together on a hotplate under solder flux. The liquid
metal was cast into a toroid-shaped mold that was set on a hotplate. The hotplate was
then turned off allowing the alloy to cool slowly. Slow cooling was employed after
earlier observations of this system had revealed that there was a tendency to form a
microstructure consisting largely of tin dendrites with small amounts of ternary eutectic
under more rapid cooling. Slices approximately 5 mm thick were cut and each slice
was cut into 4 roughly equal pieces measuring about 15 mm by 15 mm.
Directionally solidified
Eutectic tin-silver-copper, tin-silver and tin-copper alloys were directionally
solidified at NIST, Gaithersburg, MD. The starting alloys were prepared as described in
the previous section but were cast into beakers and air cooled. The composition of the
ternary alloy was Sn-3.82 wt% Ag-O.90 wt% Cu, that of the binary copper-tin alloy was
Sn-O.7 wtOlO Cu and that of the binary silver-tin alloy was Sn-3.5 wt% Ag. The original
alloy ingots were re-melted and cast into glass tubes with an internal diameter of4 mm.
The rods were then removed and placed into quartz tubes with an internal diameter of 6
mm. The tubes were evacuated and sealed using a hydrogen torch. In order to
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consolidate the alloy at one end of the tube, the sealed tubes were heated over a Bunsen
burner. The sealed tubes were placed into the directional solidification apparatus which
consisted of a furnace mounted on a stage which is moved vertically. The furnace had a
hot and cold zone, the former consisting of an alumina tube wound with Pt-Rh elements
and the latter consisting of a water-cooled copper chill-block. Each alloy was then
directionally solidified at a velocity of2 !-tms-1 in a temperature gradient of 790 Kmm-1.
Further details are available in reference 50. Pieces 5 mm long were cut from near the
center of each rod for annealing.
Solder joints
Approximations to surface mount solder joints were prepared by reflowing
solder paste on Icm by I cm squares of 0.25 mm thick 99.9999 % copper sheet. The
copper pieces were submersed in 20 vol% nitric acid (HN03) in water until it was
judged that the oxide layer had been removed immediately prior to application ofthe
solder paste. The solder paste consisted of either Sn-4 wt% Ag-0.5 wt% Cu or Sn-3
wt% Ag-0.5 wt% in Alpha Omnix flux, supplied by Cookson Electronics. 10 of each
type ofjoint were reflowed in an SMf Production Reflow Oven Model Pro 20*20
(Advanced Techniques US, Inc.) batch rellow oven. A sample profile is shown in
figure 21. It can be seen to contain a soak period of about 120 seconds at around 210°C
used to ensure minimal porosity in the joints.
2.2. Annealing Procedures
Table II shows the maximum annealing times and annealing temperatures for
each set of samples. In the case of samples with maximum annealing times of 8 weeks
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samples were removed after periods of 1,2,4 and 8 weeks. For those with maximum
annealing times of4 weeks samples were removed after periods of I, 2, 3 and 4 weeks.
2.3. Sample Preparation
All samples were mounted in epoxy. The samples were ground to 600 grit SiC
and then polished using 6 ~m diamond paste on a rotating wheel until the grinding
marks were removed (about 90 seconds), followed by approximately 90 seconds with
0.3 I-tm alumina suspension on a rotating wheel and finished on a stationary wheel using
0.05 I-tm colloidal silica for 60-90 seconds. No etching was performed because the
silica stage provided more than enough relief for both light and electron microscopy.
2.4. Image Analysis
For each sample five images were taken ofa representative area ofthe eutectic
microstructure. For the cast ternary eutectic samples appropriate areas were chosen by
using only areas where the ternary eutectic filled the entire image, the eutectic rods
appeared to be oriented perpendicular to the polished plane and the image area was not
a) near the edge of a eutectic colony or b) near the edge ofthe sample. For the
directionally solidified samples the only precautions were that the image area was not
near the edge ofthe sample and that it was not in any ofthe minor eutectic colonies that
were present in some samples. The minor eutectic colonies were usually found at the
edges of the sample and contained much finer eutectic than the bulk of the sample. The
image analysis performed for each sample differed based on the particular
microstructure ofthe sample. For the cast ternary eutectic and directionally solidified
Sn-Cu binary eutectic specimens, whose eutectic microstructure consisted entirely of
rods, the number of whole rods per image was counted and this value converted into a
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measurement of rods per square centimeter after calculating the area of the image. For
the directionally solidified Sn-Ag binary eutectic samples each image was traced onto
overhead projector sheets and the resultant image scanned. NIH Image was then used
to perform quantitative measurements. The parameters measured for each particle were
area, ellipse major axis length, ellipse minor axis length and perimeter. The treatment
of the directionally solidified ternary eutectic samples consisted first of identifying the
two phases, which was done by eye owing to the different morphologies and color of
the two phases under light optical microscopy. Those particles identified as C\l6Sns
were counted in order to provide a measure of rod density and those identified as Ag3Sn
were traced and treated as previously described.
2.4.1. Quantifying errors
Errors in the image analysis were quantified as follows. For samples where the
number of rods in an image was counted, the number of rods touching the edges ofthe
image and also features that appeared to be pores or dirt were counted and this was
taken to be the error in the counted number of rods. For samples where plates were
traced, a test microstructure ofplates of exactly known dimensions was made, see
figure 22, and this was subjected to the same procedure as the "real" microstructures.
The obtained measurements were compared to the known measurements as an
estimation of the errors generated by the process as a whole from the errors introduced
by tracing to the errors in measurements by NIH Image.
2.5. Hardness Testing
The change in hardness with annealing time for the cast ternary eutectic samples
was tracked via microhardness measurements. A Leco M-400FT hardness tester was
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used with CAMS_WIN software (Newage Testing Instruments, Inc.). The indenter was
of the Vickers type and the load was 10 gf A low load was used because higher loads
caused considerable deformation of the solder leading to irregularly-shaped indents that
made it difficult to obtain an accurate measurement of the hardness. Ten indents were
made in each sample taking care to indent only in eutectic colonies and not near the
edges of the samples, colony boundaries, boundaries with (Sn) dendrites or large
primary intermetallic particles.
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Table II. Table of the different sample types and compositions and their maximum
annealing times at 152, 177 and 201°C.
Sample Sample Composition Annealing Maximumtemperatures annealingtype system (wt%) (DC) time (weeks)
Sn 95.6 152 8
Cast Sn-Ag-Cu Ag3.5 177 8
CuO.9 201 8
Sn 95.28 152 4
DS Sn-Ag-Cu Ag 3.82 177 4
CuO.90 201 8
Sn 96.5 152 4DS Sn-Ag 177 4Ag3.5 201 8
Sn 99.3 152 4DS Sn-Cu 177 4CuO.7 201 8
Solder Sn 95.5
joints Sn-Ag-Cu Ag4.0 152 4CuO.5
Solder Sn 96.5
joints Sn-Ag-Cu Ag3.0 152 4CuO.5
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Figure 21. Example reflow profile for manufacture of the solder joints.
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Figure 22. Test microstructure used to determine errors in measurements ofAg3Sn
plates.
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3. Results and Discussion
3.1. Micfohardness measurements
The results of the microhardness measurements for the cast ternary eutectic
annealed at 152, 177 and 201°C are shown in figure 23. It can be seen that there is
some change in the mechanical properties of the ternary eutectic due to the annealing
process. The scatter in the data is large, mostly due to the fact that different eutectic
colonies in the cast samples had coarsened at different rates. However, there is a trend
of decreasing hardness with increasing annealing time and temperature as evidenced
by the plot of minimum change in hardness given in figure 24. Here the lowest value
measured on the original samples is compared to the highest hardness value measured
after the longest annealing time (8 weeks). For the sample annealed at 150°C it is not
possible to say whether there has been a decrease in the hardness but for the samples
annealed at 175 °C and 200°C the minimum changes in the hardness are 4.9 MPa and
18.63 MPa respectively.
Hardness can be related to more commonly considered mechanical properties
such as yield strength. For ductile materials the hardness is about three times the yield
strength. Considering a rod eutectic to be similar to a fiber reinforced composite it is
clear that the mechanical properties of the eutectic should degrade as the average fiber
radius increases.
3.2. Examination of the data and microstructures
The plots of the data of either reciprocal rod density or reciprocal interfacial
area as a function of time for the cast ternary eutectic, binary Sn-Cu eutectic, CU6SnS
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in the directionally solidified ternary eutectic, binary Sn-Ag eutectic and Ag3Sn in the
directionally solidified ternary eutectic are shown in figures 25,26,27,28 and 29
respectively. Before beginning the analysis of the data it is a worthwhile exercise to
examine the data and the microstructures obtained to see if any information may be
gleaned from them.
3.2.1. Data
"Most of the plots of the data show curves that conform to the general expected
shape for processes governed by an equation ofth,e form of equation 1, namely, curves
that show an initial rapid change in either rod density or total interfacial area which
slows as time progresses. The exceptions to this trend are the data for the Sn-Ag and
Sn-Cu binary samples. The curve for 201°C for these samples shows the expected
shape but those for 177 °C and 152°C are more S-shaped as sketched in figure 30.
This type of curve is usually associated with processes that require nucleation and
growth.
In terms of explaining this behavior for the Sn-Cu alloys, it has been noted by
some authors that some coarsening processes only begin after a transient time where
the standard deviation of the rod radius distribution is increasing to some critical
value26. This is plausible since the directionally solidified samples appear to contain
very narrow rod radius distributions. Why a similar delay should not be seen in the
onset of coarsening of Cu6Sns in the directionally solidified ternary eutectic is unclear,
but it could be related to the attachment of some of the rods to Ag3Sn plates.
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An explanation for the binary Sn-Ag alloys is that the instabilities that
eventually result in the breakdown of the plates might need time to develop in a
manner analogous to that suggested for the coarsening of the Sn-Cu alloys. Some
support for this hypothesis exists in that a similar delay in the onset ofplate
breakdown is not observed in the case of the ternary eutectic. In the ternary eutectic it
is frequently the case that Ag3Sn plates have CU6SnS rods attached to them and that
plate breakdown occurs at the intersection of the rod and plate, see, for example,
figure 31. This would mean that plate breakdown could occur immediately in the
ternary eutectic without the need for instabilities to nucleate since, effectively, the
instabilities are already present in the form of Ag3Sn/Cu6SnS interfaces.
3.2.2. Microstructures
Micrographs of the cast ternary eutectic, directionally solidified binary Sn-Cu
eutectic, directionally solidified ternary eutectic and directionally solidified binary Sn-
Ag eutectic prior to annealing are shown in figures 32, 33, 16 and 17, respectively.
Micrographs of the cast ternary eutectic, directionally solidified binary Sn-Cu eutectic,
directionally solidified ternary eutectic and directionally solidified binary Sn-Ag
eutectic after annealing at the indicated temperatures for the indicated times are shown
in figures 34, 35, 31 and 39, respectively. In micrographs of ternary alloys the two
intermetallic phases are labeled, where distinguishable.
3.2.2.1. Cast ternary eutectic
From examination of the cast ternary microstructures it is very clear that the
two intermetallic phases coarsen at different rates. The average rod radius of the
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CU6SnS rods increases much more rapidly than that of the Ag3Sn rods. In terms of
relative diffusivities and assuming silver diffusion to be the rate-controlling
mechanism for Ag3Sn coarsening and copper diffusion for CU6SnS, this effect could be
predicted since copper diffuses more rapidly than silver in tin. This is clearly a
conjecture because it assumes that bulk diffusion is the rate-controlling process and
that the rate of tin diffusion has no effect on the coarsening kinetics of either phase. It
also does not consider other effects that may impact the coarsening rate such as the
interfacial energies between the phases and the tin matrix, the volume fraction of each
phase and the molar volumes of each phase. The only definite statement that can be
made from examining the microstructures is that the coarsening of the two phases
cannot be governed by the same rate-controlling mechanism e.g. tin self-diffusion, .
otherwise the rods would all be observed to coarsen at the same rate.
Another interesting feature of the cast ternary eutectic microstructures in
shown in figure 37. It can be seen that both phases have migrated to the boundary
between two eutectic colonies growing with different orientations and are larger than
the rods within the eutectic colonies. Two observations can be made at this point.
The first is that more rapid coarsening occurs at colony boundaries, as expected from
the analysis of Arde1l9 showing that the exponent for coarsening due to grain boundary
diffusion is 4 compared to 3 for bulk diffusion (see equation 8). The second is that the
layer forming at the boundary consists ofboth Ag3Sn and CU6SnS and that the two are
often in contact with one another. This may suggest that the interfacial energy
58
between Ag3Sn and CU6SnS is lower than either the interfacial energy between Ag3Sn
and (Sn) or CU6SnS and (Sn).
Some other observations regarding this phenomenon are that it appears to be
strongly dependent on the relative orientations of the neighboring colonies, that is,
these layers are not seen to form on all colony boundaries and that there is an
implication for solder joint reliability should similar layers form in joints because they
represent sheets of intermetallics forming during annealing.
3.2.2.2. Ag3Sn plates
Examination of the change in the appearance of the Ag3Sn plates provides
some information as to the particular mechanism of microstructural change. It has
previously been stated that there are four possible ways in which plates can change
their morphology and the resultant microstructure from annealing is indicative of
which mechanism dominated. In the cases of direct cylinderization and edge
spheroidization the expected final microstructures would consist of cylinders and
plates with cylinders/spheres adjacent to their ends respectively. The microstructures
from the directionally solidified ternary and binary (Sn-Ag) eutectics do not look like
this. Breakdown ofplates due to boundary splitting or Rayleigh instabilities would
result in a microstructure consisting of series' of lower aspect ratio plates aligned
where a higher aspect ratio plate formerly existed. It is possible that plates in the act
of splitting into smaller ribbons would also be observed. This is the type of
microstructure observed in both the ternary and binary cases, see the highlighted
particles in figure 31. We are therefore able to narrow the possible mechanisms down
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from four to two but it is currently not possible to speculate as to which of the
remaining two is acting in this case.
3.3. Determining the coarsening kinetics
The method of determining the coarsening kinetics and, ultimately, the
activation energy for the rate-controlling process is slightly different if considering rod
eutectics versus broken lamellar eutectics although the basic principles are the same.
3.3.1. Method of analysis for rod eutectics
There are three main stages to extracting the rate-controlling mechanism from
the raw data, namely determining the rate-controlling mechanism, determining the
activation energy and interpreting the obtained activation energy in order to ascertain
the rate-controlling mechanism.
3.3.1.1. Determining the rate-controlling mechanism
From the work of Jung and Conrad8, a general equation can be written as given
in equation I to describe the kinetics of a process, where the value of the exponent, n,
gives an indication of the rate-controlling mechanism for the process. They also
describe a method of ascertaining the exponent that fits the data. The derivative of
equation I with respect to time can be written as given in equation 24.
dD = K o exp(-Q]D1- n
dt n RT
(24)
Now, taking the natural logarithm of both sides of this equation gives equation 25
from which it can be seen that a plot of the derivative of the phase size with respect to
time vs. the phase size on a In-In scale will yield a straight line, the gradient of which
is I-n.
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( dD) (KO ) QIn - =In - --+(l-n)lnDdt n RT (25)
In order to make this relevant to the present case it is necessary to realize that, whilst
the average rod radius in the ternary eutectic is indeed increasing, the measured
quantity, namely the rod density, is decreasing. It is therefore necessary to rewrite
equation 25 to allow the analysis to be correct, see equation 26.
In[d(X)] = In(K O J-~ + (1- n ) In(~Jdt np RT p P (26)
Here nr refers to the exponent for changes in the rod density. np is simply related to
the values ofn in table I by np = n/2. The relationship arises from the fact that the
expression pr2 = constant was used to convert from rod radii to rod densities.
If this procedure is applied to the cast ternary eutectic data one obtains an
average value ofn of 1.51. Analysis of the Sn-Cu binary data yielded an average
exponent of 1.39 after correction for the "nucleation" period of the curve and analysis
of the CU6SnS data from the directionally solidified ternary eutectic samples yielded an
average exponent of 1.41. All these values of the exponent are close to 1.5, or 3/2,
which is the value expected for bulk diffusion control1S-17, remembering that np = n/2.
3.3.1.2. Determining the activation energy
Having determined that the process is governed by an equation such as
equation 17, it is now possible to proceed with the procedure described earlier for
extracting the activation energy for the process from the data obtained. The necessary
plots are given as figures 38 through 40 where figures 38, 39 and 40 correspond to the
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CU6SnS in the directionally solidified eutectic, respectively. For the binary Sn-Cu data
the "nucleation" period of the curve for 152 °C is not included. A curve was drawn
through the data points that represented the coarsening process proceeding and the
time at which this crossed the x-axis was used as another data point. The error in
hand-sketching this curve was estimated. The gradient of the line was then calculated
using two experimental data points and the extrapolated point. Figures 41, 42 and 43
correspond to the plots of [In (slope) + In T] vs. liT, using the slopes of the previous
plots for the cast ternary, Sn-Cu binary and directionally solidified ternary samples,
respectively. The corresponding values ofQIR, calculated via multivariable linear
regression, are given in table III along with the final calculated activation energies for
the processes. Those activation energies are 69.36 ± 4.97 kJmor l (cast ternary),
73.19 ± 2.62 kJmor l (Sn-Cu binary) and 81.82 ± 3.81 kJmor l (directionally solidified
ternary).
3.3.1.3. Significance of the activation energy
In order to determine the significance of the activation energies it is first
necessary to know the activation energies for diffusion of silver, copper and tin in tin
and also the heats of solution for silver and copper in tin. The diffusion data is
available in the literature46,47 and the heats of solution can be calculated from the
binary phase diagrams48 by assuming that the solvus line between the (Sn) and (Sn) +
CU6SnS or Ag3Sn phase fields is given by equation 2749.
(27)
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The plots of the natural log of atomic fraction vs. reciprocal temperature necessary to
determine the heats of solution for silver and copper in tin are given in figure 44. All
the activation energies are given in table IV.
The easiest activation energies to interpret are those for CU6SnS rods
coarsening in either the binary or ternary directionally solidified eutectics. From the
analysis presented earlier the effective activation energy calculated from the
coarsening data should be the sum of the heat of solution and diffusion activation
energy if solute diffusion is rate-controlling or merely the diffusion activation energy
if solvent diffusion is rate-controlling. Hence for CU6SnS coarsening it would be
expected that the effective activation energy would be between 107.1 and
123.3 kJmor l for tin diffusion control and about 68.55 kJmor l (33.05 + 33.5 kJmor1)
for copper diffusion control. It is clear that the activation energies obtained point to
copper diffusion as the rate-controlling process in both eutectics. Observations of
similar effective activation energies, and hence the same rate-controlling process, for
CU6SnS in both the ternary and the binary eutectics lends support to the assumption
that the two phases in the ternary eutectic coarsen independently as described in
section 1.2.4..
The analysis for the cast ternary eutectic is more complex in that the rod
densities measured are the total rod densities, not the separate rod densities of each
phase. However, use can be made of the observation that the CU6SnS rods coarsen
much more rapidly than the Ag3Sn rods. From this it can be surmised that copper
diffusion is rate-controlling for the coarsening of the CU6SnS rods. What it does not
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indicate is whether tin or silver diffusion is rate-controlling for the coarsening of the
Ag3Sn rods. It should be noted, however, that the activation energy for the process as
a whole (69.36 ± 4.97 kJmor1) is closer to the activation energies that would be
associated with copper (68.55 kJmor1) and silver (80.7 kJmor1) control than with tin
(107.1 kJmor1) diffusion control.
From the data obtained for the binary Sn-Cu and the cast ternary samples it is
possible to obtain an estimate for the pre-exponential term (K") in equation 18 for
Ag3Sn coarsening in the cast ternary eutectic, assuming that it is governed by an
expression of the form in equation 18. Together with the equivalent values for the
coarsening of CU6SnS in Sn-Cu it would then be possible to calculate the activation
energy of the eutectic as a whole from calculated changes in the Ag3Sn and CU6SnS
rod densities. Simply, it is possible to write equations 28 and 29 from equation 18 for
each phase and the eutectic as a whole.
P =[Ktotal exp_(Qtotal Jt +(p )_3/2]-2/3Ag3Sn RT RT ototal
(29)
_[KCU6sns ex _[Qcu6sns Jt+{ \-3/2]-2/3
RT P RT \poCu6SnS J
Setting equations 28 and 29 equal and choosing an arbitrary time and temperature,
since K" is time and temperature independent, allows the calculation ofK"Ag3Sn
assuming tin diffusion control (QAg3Sn = 107 kJmor1) or assuming silver diffusion
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control (QAg3Sn = 80.7 kJmor1). Doing this and then using the equations to calculate
pAg3Sn and pCu6SnS as a function of time allows a theoretical activation energy for the
coarsening of the eutectic as a whole to be estimated. The result found is that the rate-
controlling process for the coarsening ofAg3Sn rods has a significant effect on the
activation energy for the coarsening process of the whole eutectic, such that, if tin
diffusion is rate-controlling, then Qtotal is closer to that for tin diffusion and if silver
diffusion is rate-controlling, then Qtotal is closer to QD + Qs for silver in tin. Because
the activation energy obtained for the eutectic as a whole is 69.36 ± 4.97 kJmor1 then
it can be concluded that silver diffusion is rate-controlling for the coarsening of the
Ag3Sn rods.
3.3.1.4. Dominant coarsening mechanism
In order to address the question of whether two-dimensional or three-
dimensional effects are dominating the coarsening behavior, it is necessary to re-
examine the raw data plots. Changes between the two types ofbehavior would
manifest themselves as drastic changes in the gradients of the plots21 .
In the case of the cast ternary eutectic (figure 25) it can be seen that there are
no such changes in gradient and, as a result, it is assumed that the coarsening is
dominated by two-dimensional effects. This is not unexpected for these samples since
the ratio of spacing between rods to rod radius is less than 4, as proscribed by Cline23
and also the fault density is not large, see figure 5.
In the case of the directionally solidified samples (ternary and binary Sn-Cu)
no changes in gradient are seen except at 201 °C and long times (see figures 26 and
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J27). The final point in each case is seen to deviate from the curves described by the
rest ofthe points. The effect is clearer if the data is plotted as (p-312 - Po-3/2) vs. time,
see figures 45 (Sn-Cu binary) and 46 (ternary). Note that these points were not
included to calculate the activation energy of the coarsening process. From these
figures, on which straight lines have been sketched to highlight the gradient change, it
seems clear that some change in dominant coarsening mechanism occurs between
about 700 and 1300 hours for both types of sample. This may represent three-
dimensional effects becoming dominant. In order to ascertain this, a deep-etching
procedure would need to be carried out on the samples. Attempts to use the deep
etching procedure previously applied to cast ternary eutectic samples5 were
unsuccessful possibly because the procedure removes a vast amount of the tin matrix
and no support remained for the fibers. A procedure that removes less of the matrix
would be of more use, such as that used by Frear et a1.51 •
3.3.2. Method of analysis for broken lamellar eutectics
3.3.2.1. Determining the rate-controlling mechanism
An attempt to determine the rate-controlling mechanism for the breakdown of
the Ag3Sn lamellae was made using basically the same method as the determination
for rod eutectics. The only change that needs to be made to the equations is to
substitute the total interfacial area per unit volume (Sy) for the rod density (p) in
equation 26 to obtain equation 30. This can be done because the total interfacial area
also decreases as the annealing process continues.
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In {YsJ =In(~J-~+(l-nsv)(_l J
dt nsv RT Sv
(30)
Plots ofthe derivatives ofthe l/Sv vs. time curves were used to try to calculate the
exponent for the plate breakdown process however the results were not as easily
interpretable as for the rod eutectics. Values of the exponent ranging from 6 to 24
were obtained indicating that this method is not suitable for analysis of this data,
possibly because an equation of the general form given in equation 1 does not
accurately describe the process.
Similarly, an attempt to use the model ofTian and Krafe9 met with no success.
It may be that that model assumes a rate-controlling mechanism that is not applicable
to this system or that the model better describes systems with a truly lamellar
microstructure rather than the broken lamellar structure displayed in the directionally
solidified binary Sn-Ag and ternary Sn-Ag-Cu alloys.
3.4. Coarsening in solder joints
Figure 47 shows the microstructure of one of the test 405 solder joints on a
copper substrate prior to annealing. The ternary eutectic can be seen to be quite fine.
Figure 48 shows the microstructure of one of these joints after annealing at 152°C for
4 weeks. The coarsening of the ternary eutectic is clear. No quantitative
measurements were made on the solder joints, rather they were annealed to observe
whether coarsening similar to that observed in the cast eutectic samples was observed.
Clearly the next step is to quantify coarsening in solder joints and to see whether the
substrate has any effect on the kinetics.
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3.5. Comparison of results to lead-tin
Since the cast ternary eutectic samples can be considered those with the
microstructures closest to those obtained in solder joints, it is these results that should
be compared to those for lead-tin. From the work ofJung and Conrad8, the activation
energy for the coarsening ofPb-Sn is 39.8 kJmor l and the exponent for the process is
4. From this work the activation energy for the coarsening of ternary eutectic Sn-Ag-
Cu is 69.36 ± 4.97 kJmor1 and the exponent for the process is 3. The activation
energies and the exponents lead to the conclusion that Pb-Sn eutectic coarsens much
more rapidly than Sn-Ag-Cu eutectic does. Figure 49 shows a comparison between
the data for the two alloys. The data for Pb-Sn is taken from the work of Jung and
Conrad8 for coarsening in the Pb-Sn eutectic at 150°C and the data from the current
work is that for 175 DC. These two temperatures were chosen because they represent a
homologous temperature of 0.8 for both alloys (where the homologous temperature is
the ratio of the temperature to the melting temperature of the alloy). The normalized
phase sizes are shown i.e. the phase size divided by the original phase size. From the
plot it is extremely apparent that the coarsening kinetics for Pb-Sn are much more
rapid than for Sn-Ag-Cu. The kinetics plotted for the Sn-Ag-Cu solder are an average
of the kinetics for the coarsening of the Ag3Sn and CU6SnS phases and the Ag3Sn
phase has been seen to coarsen much more slowly than the CU6SnS phase. Therefore it
would be expected that the coarsening of the Ag3Sn rods would continue long after the
coarsening of the CU6SnS rods is "complete" implying that the mechanical properties
of the joints will continue to change over a long period of time. The calculated
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normalized phase size for the Ag3Sn rods as a function of time is shown on the plot,
although there will be some error in the calculated values owing to assumptions made
in determining the governing equation.
In terms of industrial significance this result implies that the microstructure of
Sn-Ag-Cu solder joints will continue to evolve for a much longer time than the
microstructure of Sn-Pb joints. This means that it would probably not be possible to
use a 24 hour power ageing treatment to ensure microstructural stability for the service
life of Sn-Ag-Cu joints. As a result it may prove more difficult to guarantee the
reliability of Sn-Ag-Cu solder joints than Sn-Pb joints.
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Table III. Values ofQIR and the corresponding activation energies for the coarsening
of the cast ternary eutectic, directionally solidified Sn-Cu binary eutectic and CU6SnS
in the directionally solidified ternary eutectic.
Sample Q/R(K) Q (kJmor')
Cast ternary eutectic -8341.99 69.36 ± 4.97
DS Sn-Cu binary eutectic -8803.04 73.19 ± 2.62
CU6SnS in DS ternary eutectic -9840.65 81.82 ± 3.81
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Table IV. Activation energies for diffusion (D) and heats of solution (S) of silver,
copper and tin in tin.
Element In Q (kJmorl ) Reference
Ag Sn (c-axis) 55.1 (D) 10
Ag Sn (a-axis) 77.0 (D) 10
Cu Sn (a-axis) 33.05 (D) 46
Sn Sn (c-axis) 107.1 (D) 47
Sn Sn (a-axis) 123.3 (D) 47
Ag Sn 25.6 (S) Calculated fromphase diagram
Cu Sn 35.5 (S) Calculated fromphase diagram
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Figure 23. Plot of the hardness of the ternary eutectic in cast ternary eutectic samples after annealing.
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Figure 24. Plot of the minimum change in hardness ofthe ternary eutectic in cast ternary eutectic samples after annealing.
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Figure 25. Plot of reciprocal rod density against time for the cast ternary eutectic samples at 152, 177 and 201°C.
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Figure 26. Plot of reciprocal rod density against time for the binary Sn-Cu eutectic samples at 152, 177 and 201°C.
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Figure 27. Plot of reciprocal rod density as a function of time for CUQSns in the directionally solidified ternary eutectic
samples at 152, 177 and 201°C.
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Figure 28. Plot of reciprocal surface area per unit volume as a function of time for Sn-Ag binary eutectic samples at 152, 177
and 201 DC.
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Figure 29. Plot of reciprocal surface area per unit volume as a function oftime for Ag3Sn in the directionally solidified ternary
eutectic samples at 152, 177 and 201°C.
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Figure 31. Light optical micrograph showing Ag3Sn plate breakdown (circled) and
breakdown initiating at a Ct1{jSns rod (arrowed) in the directionally solidified sample
annealed for 4 weeks at 201°C.
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Figure 32. Light optical micrograph showing the original microstructure for the cast
ternary eutectic samples.
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Figure 33. Light optical micrograph showing the original microstructure for the Sn-
eu eutectic samples.
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Figure 34. Light optical micrograph showing the microstructure for the cast ternary
eutectic sample after annealing at 201°C for 8 weeks with the CU6Sns and Ag3Sn
phases marked.
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Figure 35. Light optical micrograph showing the microstructure for the cast Sn-Cu
eutectic sample after annealing at 201°C for 8weeks.
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Figure 36. Light optical micrograph showing the microstructure for the cast Sn-Ag
eutectic sample after annealing at 152°C for 4 weeks.
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Figure 37. Light optical micrograph showing the migration ofthe intermeta1lic phases
to a colony boundary in the cast ternary eutectic sample after annealing at 201°C for 4
weeks. Note that both Ag3Sn and CU6Sns are present at the boundary but they are not
readily distinguishable from one another.
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Figure 39. Plot of (p-312 - Po·3/2) against time for the binary Sn-Cu eutectic samples at 152, 177 and 201°C.
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Figure 47. Light optical micrograph ofthe original microstructure ofthe bulk of a
SAC 405 solder joint on a copper substrate.
96
Figure 48. Light optical micrograph ofthe microstructure ofthe bulk of a SAC 405
solder joint on a copper substrate after annealing for 4 weeks at 152°C.
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4. Conclusions
o The coarsening kinetics in the cast ternary eutectic of the Sn-Ag-Cu system
was found to obey an r3 oc t relationship and the activation energy for the
process was calculated to be 69.36 ± 4.97 kJmor l .
o Examination of the microstructures indicated that the coarsening kinetics of
Ag3Sn and CU6Sns were not controlled by diffusion ofthe same species. It was
concluded that copper diffusion must be rate-controlling for coarsening of the
CU6Sns rods. From the obtained experimental activation energy and with
calculations involving the expected activation energy, considering the
possibilities of tin or silver diffusion control for Ag3Sn, it was determined that
silver diffusion was rate-controlling for coarsening ofAg3Sn.
o The activation energies obtained for coarsening of CU6Sns rods in both the
binary (73.19 ± 2.62 kJmor l ) and ternary (81.82 ± 3.81 kJmor l ) directionally
solidified eutectics indicate that copper diffusion is rate-controlling in both
cases. This observation lends support to the hypothesis that the Ag3Sn and
CU6Sns phases coarsen independently in the ternary eutectic.
o Ag3Sn plates in the binary and ternary directionally solidified eutectics were
observed to spheroidize although it was not possible to determine the
expression governing the kinetics of the process.
o A delay in the onset of the microstructural evolution was seen in both binary
directionally solidified eutectics. This delay may be related to the
development of a suitable rod size distribution, in the case of the Sn-Cu
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eutectic, and to the development of instabilities, in the case of the Sn-Ag
eutectic.
o The coarsening kinetics of the cast ternary eutectic is considerably slower than
those for lead-tin. This has implications for reliability of Sn-Ag-Cu solder
joints as it is possible that power ageing will not be able to stabilize the
microstructure prior to boards going into service.
o The ternary eutectic was also observed to coarsen in "real" solder joints
although no measurements of coarsening rates were made.
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